Strong light-matter coupling in two-dimensional atomic crystals by Liu, Xiaoze et al.
1 
 
Strong light-matter coupling in two-dimensional atomic crystals 
Xiaoze Liu1, Tal Galfsky1, Zheng Sun1, Fengnian Xia2, Erh-chen Lin3, Yi-Hsien Lee3, 
Stéphane Kéna-Cohen4 and Vinod M. Menon1† 
1Department of Physics, Graduate Center and Queens College, City University of New York, 
New York, New York, USA 
2Department of Electrical Engineering, Yale University, New Haven, Connecticut, USA 
3Department of Materials Science and Engineering, National Tsing Hua University, Hsinchu, 
Taiwan 
4Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Quebec, 
Canada 
 
 
Two dimensional (2D) atomic crystals of graphene, and transition metal 
dichalcogenides have emerged as a class of materials that show strong light-matter 
interaction. This interaction can be further controlled by embedding such materials into 
optical microcavities. When the interaction is engineered to be stronger than the 
dissipation of light and matter entities, one approaches the strong coupling regime resulting 
in the formation of half-light half-matter bosonic quasiparticles called microcavity 
polaritons. Here we report the evidence of strong light-matter coupling and formation of 
microcavity polaritons in a two dimensional atomic crystal of molybdenum disulphide 
(MoS2) embedded inside a dielectric microcavity at room temperature.  A Rabi splitting of 
46 meV and highly directional emission is observed from the MoS2 microcavity owing to 
the coupling between the 2D excitons and the cavity photons. Realizing strong coupling 
effects at room temperature in a disorder free potential landscape is central to the 
development of practical polaritonic circuits and switches. 
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Two-dimensional (2D) materials have garnered much attention in the past decade owing 
to the plethora of exceptional electronic, mechanical, optical and thermal properties 
demonstrated by them. Specifically in the context of optoelectronics, the huge light-matter 
interaction that 2D materials have demonstrated has made them highly attractive for practical 
device applications. Graphene, the archetype 2D material was explored extensively for a wide 
array of photonic applications1. However, due to the lack of direct bandgap in graphene, 
considerable attention has shifted towards 2D materials known as layered transition metal 
dichalcogenides (TMDs)2,3.  These TMDs are a group of naturally abundant material with a MX2 
stoichiometry, where M is a transition metal element from group VI (M = Mo, W); and X is a 
chalcogen (M = S, Se, Te). One of the most intriguing aspect of TMDs is the emergence of 
fundamentally distinct electronic and optoelectronic properties as the material transitions from 
bulk to the 2D limit (monolayer) 4–8. For example, the TMDs evolve from indirect to direct 
bandgap semiconductors spanning the energy range of 1.1 to 1.9 eV in the 2D limit4–6.  
Among the TMDs, molybdenum disulphide (MoS2) is one of the most widely studied 
systems used to demonstrate 2D light emitters9, transistors10,11, valleytronics12–15 and 
photodetectors16,17. The novel excitonic properties of 2D MoS2 that make it very interesting for 
both fundamental studies and applications include: (i) the enhanced direct band gap 
photoluminescence (PL) quantum yield of the monolayer compared with the bulk counterpart7,8,  
(ii) the small effective exciton Bohr radius (0.93 nm) and associated large exciton binding energy 
(0.897 eV)18,19 providing the opportunity for excitonic devices that operate at room temperature 
(RT) and (iii) the 2D nature of the dipole orientation making the excitonic emission highly 
anisotropic20. 
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The interaction of a dipole with light can be modified by altering the surrounding 
dielectric environment. The most widely studied and technologically relevant phenomenon in 
this context is the Purcell enhancement wherein the spontaneous emission rate of the dipole is 
enhanced using an optical cavity by altering the photon density of states. Here the coupling 
between the dipole and the cavity photon is defined to be in the weak coupling regime since the 
interaction strength is weaker than the dissipation rates of the dipole and the photon. This regime 
has been demonstrated in the 2D materials using photonic crystal cavities coupled to 2D layers 
of MoS221, and WSe222. It resulted in an enhancement of the spontaneous emission rate and 
highly directional photon emission.  
When the interaction between the dipole and the cavity photons occur at a rate that is 
faster than the average dissipation rates of the cavity photon and dipole, one enters the strong 
coupling regime resulting in the formation of new eigenstates that are half-light – half-matter 
bosonic quasiparticles called cavity polaritons. Since with the pioneering work of Weisbuch et 
al.23 there have been numerous demonstrations of cavity polariton formation and associated 
exotic phenomena in solid state systems using microcavities and quantum wells that support 
quasi 2D excitons24–26. However owing to the small binding energy of excitons in traditional 
inorganic semiconductors such as GaAs, most of these effects were observed at cryogenic 
temperatures making it impractical for real device applications. This issue has been partly 
mitigated using organic materials27 and wide band gap semiconductors such as GaN and ZnO28–
30
. These systems, however, exhibit strong localization effects owing to the disordered potential 
landscape31. In this context 2D materials provide an ideal platform to realize polaritonic 
phenomena at room temperature in a mostly disorder free landscape. Here, we report for the first 
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time the formation of strongly coupled 2D exciton- polaritons using a MoS2 monolayer 
embedded in a dielectric microcavity (MC).   
As shown in Fig. 1(a), the MC consists of a monolayer of MoS2 sandwiched between two 
SiO2 layers acting as the cavity layer which is placed between SiO2/Si3N4 distributed Bragg 
reflector (DBR) mirrors. The SiO2 layers and DBRs are fabricated by plasma enhanced chemical 
vapor deposition. The semiconducting monolayer MoS2 is a thermodynamically stable form with 
a trigonal prismatic (2H-MoS2) phase, where each molybdenum (Mo) atom is prismatically 
coordinated by six surrounding sulfur (S) atoms4,32. Large-area MoS2 atomic layers (SEM image 
in Fig. 1(a)) are synthesized by chemical vapor deposition (CVD). The CVD MoS2 exhibits a 
crystalline structure on various amorphous surfaces33,34, and can be efficiently transferred with 
large areas onto the MC structure via aqueous solution transfer34. Details of sample fabrication 
are discussed in the Methods Section.  
To determine the optical quality of the CVD grown MoS2 used in the MC experiments 
reflectivity and steady state PL measurements are first carried out on as grown MoS2 samples. 
Results of these measurements are shown in Supplementary Figure S1. The differential 
reflectivity (∆R/R), clearly shows two prominent absorption peaks at 1.872 eV and 2.006 eV, 
identified as A and B excitons, respectively7,8 and the PL spectrum shows one dominant 
emission peak at 1.872 eV resulting from the direct bandgap transition of exciton A (exA)7,8,32–34. 
These results are consistent with previous reports of  CVD grown monolayer MoS233,34 
indicating the presence of high quality monolayers. 
Shown in Fig. 1(b) is the reflectivity of the MC structure embedded with MoS2 at two 
different locations. As the MoS2 monolayers are transferred to the MC, the existences of MoS2 
flakes at certain areas define the “active” and “passive” modes for this sample. The reflectivity 
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curve labelled as “passive” is from a region where there is no MoS2 layer, thus giving the bare 
cavity response. The cavity resonance is at 1.875 eV with a full width half maximum (FWHM) 
of 17 meVcavΓ =ℏ . The cavity resonance is designed to overlap with the exA energy. The “active” 
curve corresponds to a region where there is a monolayer of MoS2 present in the cavity. The 
monolayer character of this region was verified from absorption and PL measurements as shown 
previously4–7,32–34. The reflectivity spectrum from the “active” region shows two distinct dips 
energetically shifted from the bare exciton and the cavity resonance indicating the presence of 
new eigenmodes. 
To confirm the formation of strongly coupled polariton states in the active spot of the MC, 
angle-resolved reflectivity measurements are carried out. Reflectivity spectra for TM 
polarization at various incidence angles ranging from 7.5° to 30° are shown in Fig. 2. The spectra 
for TE polarization (not shown here) are almost identical. At small angles (≤ 20°), two prominent 
modes are observed, identified as the lower polariton branch (LPB) and the upper polariton 
branch (UPB). For clarification, the spectrum at 7.5o and 20o angles of incidence are expanded 
and shown in the inset of Fig. 2.  Two pronounced modes corresponding to the LPB and UPB 
can be observed. The LPB blue-shifts with increasing angle and approaches exA while UPB 
shifts away from exA with increasing angle. At large angle (> 20°), the LPB slowly vanishes and 
only UPB is visible. The red solid lines trace the dispersion of both branches, indicating a clear 
anti-crossing feature around 20o. The experimental dispersion extracted from the measured 
reflectivity data, as shown in Fig. 3(a) is fit to a two coupled oscillator model (solid blue lines) 
showing a Rabi splitting of RabiΩℏ = 46 meV (see Methods section). Based on the linewidths of 
exciton and cavity photon (
exΓℏ = 60 meV and cavΓℏ  = 17 meV), we can obtain the interaction 
potential AV = 31.5 meV. As the criterion in the strong coupling regime where 
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2 2
A ( )2
ex cavV Γ − Γℏ ℏ≫ , here 2AV = 991 meV
2
 is much greater than 2 2A ( )2
ex cavV Γ − Γℏ ℏ≫ =462 
meV2, confirming the strong coupling regime is achieved in this MC. Based on the coupled 
oscillator model, contributions from excitonic and photonic components are also calculated for 
both branches as shown in Fig. 3(b) and 3(c). For small angle (<20°), the LPB is more photon-
like and UPB is more exciton-like, and vice versa for larger angle (>20°), indicating the exciton-
photon mixed composition of the LPB and UPB modes in the MoS2 MC structure. We did not 
observe strong coupling between the cavity photons and exB excitons due to the large negative 
cavity mode detuning with respect to its energy. In addition, Angle-resolved reflectivity is also 
simulated as shown in the contour plot in Figure S2, where the transfer matrix method (TMM) is 
employed and a Lorentzian oscillator is used to simulate the absorption of exA based on 
experimental data (see Supplementary Materials). 
Monolayer MoS2 supports 2D excitons that have highly oriented in-plane dipoles and is 
an ideal candidate to develop polarization selective emitters and switches20. Angle-resolved PL 
measurements are carried out to investigate the modification of emission from the 2D excitons 
that are strongly coupled to the cavity photons. The Angle-resolved PL of Fig. 4 (a) shows 
similar dispersion to the reflectivity as the red traced curves. Shown in Fig. 4 (c) is the PL 
spectrum at 7.5° indicating the presence of two emission peaks corresponding to the LPB and 
UPB. The green and red curves are based on multiple Lorentzian peaks based curve fitting to 
locate the exact peak positions.  The dispersion as the circles with error bars, extracted from the 
peak positions at various angles is shown in Fig. 4 (b). Using the same coupled oscillator model 
as in the reflectivity dispersion, the PL dispersion is fitted well with a consistent Rabi splitting of 
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Unlike traditional strongly coupled emission where the LPB emission is stronger35, here 
we observe the UPB to exhibit the stronger emission at large angles.  For monolayer MoS2 the 
PL intensity reaches a maximum at zero in-plane wavenumber, due to the highly anisotropic 
orientation of the dipoles20. However, when placed in the MC, the PL peak intensity shows an 
antenna-like emission pattern, where it starts with a weak intensity at zero in-plane wavenumber, 
and reaches a maximum at some intermediate in-plane wavenumber. This is caused by the 
interaction between the in-plane component of the cavity photons and MoS2 excitons, 
To better understand the emission properties of the MoS2 MC, the simulated emission 
from an in-plane oriented dipole representing the in-plane excitons embedded in the dielectric 
MC structure is carried out (see the Supplementary Figure S3). If overlaid with experimental 
dispersion, the simulated emission not only shows consistent dispersion of polariton branches, 
but also indicates a luminescence pattern consistent with the experiment where the emission 
intensity increases with angle up to 30o.  
In summary, we demonstrate for the first time strong coupling between 2D excitons and 
cavity photons in a monolayer MoS2 based MC with a Rabi splitting of RabiΩℏ  = 46 meV. Angle 
resolved reflectivity spectra show clear anticrossing behavior and the formation of the lower and 
upper polariton branches at room temperature. Angle-resolved PL shows two branch emission 
consistent with the reflectivity dispersion. However the emission intensity profile is distinct from 
other MC polariton demonstrations in quantum wells, wires and dots due to the highly 
anisotropic nature of the exciton orientation. The present demonstration of the formation of MC 
polaritons at room temperature in the 2D materials having large exciton binding energy and 
direct bandgap opens up the possibility of realizing practical plaritonic devices such as spin 
switches36,37. 
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Methods 
Sample structure. The microcavity sample consists of 8.5 periods of SiO2/Si3N4 bottom 
distributed Bragg reflector (DBR), 7.5 periods of top DBR and a monolayer of MoS2 sandwiched 
between two SiO2 spacer layers. The SiO2 layers and DBRs were fabricated by plasma enhanced 
chemical vapor deposition (PECVD) on a glass substrate using a combination of nitrous oxide, 
silane, and ammonia as the reactive gases. The monolayer MoS2 was synthesized at 650 °C by 
ambient pressure chemical vapor deposition (APCVD) using perylene-3,4,9,10-tetracarboxylic 
acid tetra-potassium salt (PTAS) as the seed on SiO2/Si substrate. Sulfur powder and 
molybdenum oxide (MoO3) were used as the precursors for the synthesis. The MoS2 monolayer 
was then immersed in DI water and lifted off from the substrate into water. A droplet of MoS2 
water solution was applied onto the spacer layer of SiO2 above the bottom DBR and gently 
heated at 50 °C to form the new monolayer as the active cavity layer.  
Optical characterization. Angle-resolved reflectivity measurements were carried out using a 
home built goniometer set up attached to a cryostat with an angular resolution of 1°. A tungsten 
lamp is used as the light source and a charge-coupled device-based fiber is coupled spectrometer 
to collect the optical signals in reflectivity measurements with a spectral resolution of 0.5nm. In 
photoluminescence (PL) measurements, an Ar-ion laser (488 nm) is used as the excitation source; 
an objective lens, a monochromator (Horiba iHR 320) and a CCD detector (Horiba Symphony 
liquid nitrogen cooled silicon CCD detector) combination is used for the detection. The spectral 
resolution here is of ~0.3nm. Angle-resolved PL measurements were carried out using the same 
goniometer as in the reflectivity measurements and device-based fibers to guide the light to the 
PL detection system. 
Theory. Τhe polariton energy dispersion can be interpreted by a coupled oscillator model as: 
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Here the cavity mode was determined as ( )2( ) / 1 sin /cav ph effE E nθ θ= −  with cutoff 
photon energy phE  and effective refractive index 1.48effn =  based on the fact the cavity layer has 
more than 99% fill fraction for SiO2. Eex is the energy of exA. E are the eigenvalues 
corresponding to the energies of polariton modes. α and β  construct the eigenvectors, 
representing the weighting coefficients of cavity photon, and exA in each polariton state, where 
2 2 1α β+ = . VA is the interaction potentials between photon and each of the excitons. The 
eigenvalues can be deduced as 
2 2
A
1( ) ( ) ( )
2 2 4
ex cav ex cav
ex cav
E EE i V+ Γ + Γ= + ± − Γ − Γℏ ℏ ℏ ℏ  
 where 2 2Rabi A
12 ( )
4 ex cav
VΩ = − Γ − Γℏ ℏ ℏ
 as the Rabi splitting38. In the PL and 
reflectivity dispersion, the Rabi splitting is both fitted to be 46 meV. 
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Figure Legends: 
Figure 1. (Color online) Structures and optical properties of chemical vapor deposition 
(CVD) molybdenum disulfide (MoS2) microcavity. (a) Schematic of microcavity structure, 
chemical structure of MoS2 monolayer and  SEM image of the MoS2 monolayer, the scale bar in 
the SEM is 10µm. (b) Reflectivity spectra for the passive spot corresponds to the area without 
MoS2 monolayer (black), active spot correspond to area with it (blue). The vertical red dashed 
line represents MoS2 exA energy. 
Figure 2. (Color online) Angle-resolved reflectivity spectrum of the microcavity. (a) Angle-
resolved reflectivity spectrum at TM polarization from 7.5° to 30°. The vertical red dashed line 
represents MoS2 exA energy, the red curves trace the dispersion of microcavity polariton modes. 
Expanded views of reflectivity spectral features at 20° are shown in (b) and at 7.5° in (c). (b), 
Both zoomed spectra show clearly two polariton states at both sides of exA energy. 
Figure 3. (Color online) Angle-resolved reflectivity spectrum and energy dispersion of the 
microcavity. (a) Energy versus angle dispersion is extracted from the angle-resolved reflectivity 
spectra. The red spheres with error bars are the energy modes from the reflectivity spectra, the 
horizontal black dashed line represents the exA energy, the black dashed curve represents the 
cavity modes and the two black solid curves correspond to theoretical fit of the polariton 
branches via a coupled-oscillator model. Hopfield coefficients for the microcavity polariton 
branches (UPB for (b) and LPB for (c)) calculated via the coupled-oscillator model. The 
Hopfield coefficients show the compositions of the polairtons. Here the black stars correspond to 
the coefficients of the cavity photons and the red spheres correspond to those of the excitons. 
Figure 4. (Color online) Angle-resolved PL spectra of the microcavity. (a) Angle-resolved PL 
spectrum at TM polarization from 2.5° to 30°. The vertical red dashed line represents MoS2 exA 
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energy, the red curves trace the dispersion of microcavity polariton modes. Expanded view of PL 
spectral features at 7.5° is shown in (c). A relatively weak LPB PL peak around 1.826 eV as well 
as a prominent UPB peak at 1.876 eV is observed. The PL spectrum is also fitted to multiple 
Lorentzian peaks to locate the exact PL peaks positions. (b) Energy versus angle dispersion, 
extracted from the angle-resolved PL spectra, agrees well with the reflectivity dispersion. The 
dispersion is also fitted to a coupled-oscillator model with the same Rabi splitting of 46 meV. 
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Figure 4:  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.80 1.85 1.90 1.95 2.00
exA
2.5o
PL
 In
te
ns
ity
 
(a.
 
u
.)
Energy (eV)
30o
TM
(a)
10 15 20 25 30
1.80
1.85
1.90
1.95
2.00
1.80 1.85 1.90
En
e
rg
y 
(eV
)
Angle (deg)
ℏΩ = 46 meV
Cavity mode
exA
(c)
 Experimental PL
 Fit peak 1
 Fit peak 2
 Fit of the PL
7.5o
PL
 
In
te
n
sit
y 
(a.
 
u
.
)
Energy (eV)
(b)
17 
 
References: 
1. Bonaccorso, F., Sun, Z., Hasan, T. & Ferrari, a. C. Graphene photonics and 
optoelectronics. Nat. Photonics 4, 611–622 (2010). 
2. Geim, A. K. & Grigorieva, I. V. Van der Waals heterostructures. Nature 499, 419–25 
(2013). 
3. Novoselov, K. S. et al. Two-dimensional atomic crystals. Proc. Natl. Acad. Sci. U. S. A. 
102, 10451–3 (2005). 
4. Wang, Q. H., Kalantar-Zadeh, K., Kis, A., Coleman, J. N. & Strano, M. S. Electronics and 
optoelectronics of two-dimensional transition metal dichalcogenides. Nat. Nanotechnol. 7, 
699–712 (2012). 
5. Chhowalla, M. et al. The chemistry of two-dimensional layered transition metal 
dichalcogenide nanosheets. Nat. Chem. 5, 263–75 (2013). 
6. Xu, M., Liang, T., Shi, M. & Chen, H. Graphene-like two-dimensional materials. Chem. 
Rev. 113, 3766–98 (2013). 
7. Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS_{2}: A New 
Direct-Gap Semiconductor. Phys. Rev. Lett. 105, 136805 (2010). 
8. Splendiani, A. et al. Emerging photoluminescence in monolayer MoS2. Nano Lett. 10, 
1271–5 (2010). 
9. Sundaram, R. S. et al. Electroluminescence in single layer MoS2. Nano Lett. 13, 1416–21 
(2013). 
10. Radisavljevic, B. & Radenovic, A. Single-layer MoS2 transistors. Nat. Nanotechnol. 6, 
147–150 (2011). 
11. Zhu, W. et al. Electronic transport and device prospects of monolayer molybdenum 
disulphide grown by chemical vapour deposition. Nat Commun 5, (2014). 
12. Zeng, H., Dai, J., Yao, W., Xiao, D. & Cui, X. Valley polarization in MoS2 monolayers 
by optical pumping. Nat. Nanotechnol. 7, 490–493 (2012). 
13. Mak, K. F., He, K., Shan, J. & Heinz, T. F. Control of valley polarization in monolayer 
MoS2 by optical helicity. Nat. Nanotechnol. 7, 494–498 (2012). 
14. Cao, T. et al. Valley-selective circular dichroism of monolayer molybdenum disulphide. 
Nat. Commun. 3, 887 (2012). 
18 
 
15. Xiao, D., Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled Spin and Valley Physics in 
Monolayers of MoS_{2} and Other Group-VI Dichalcogenides. Phys. Rev. Lett. 108, 
196802 (2012). 
16. Lopez-Sanchez, O., Lembke, D., Kayci, M., Radenovic, A. & Kis, A. Ultrasensitive 
photodetectors based on monolayer MoS2. Nat. Nanotechnol. 8, 497–501 (2013). 
17. Zhang, W. et al. Ultrahigh-Gain Photodetectors Based on Atomically Thin Graphene-
MoS2 Heterostructures. Sci. Rep. 4, 3826 (2014). 
18. Cheiwchanchamnangij, T. & Lambrecht, W. R. L. Quasiparticle band structure calculation 
of monolayer, bilayer, and bulk MoS_{2}. Phys. Rev. B 85, 205302 (2012). 
19. Qiu, D. Y., da Jornada, F. H. & Louie, S. G. Optical Spectrum of MoS_{2}: Many-Body 
Effects and Diversity of Exciton States. Phys. Rev. Lett. 111, 216805 (2013). 
20. Schuller, J. A. et al. Orientation of luminescent excitons in layered nanomaterials. Nat. 
Nanotechnol. 8, 271–6 (2013). 
21. Gan, X. et al. Controlling the spontaneous emission rate of monolayer MoS2 in a photonic 
crystal nanocavity. Appl. Phys. Lett. 103, 181119 (2013). 
22. Wu, S., Buckley, S. & Jones, A. Control of Two-Dimensional Excitonic Light Emission 
via Photonic Crystal. arXiv 1311.6071 (2013). 
23. Weisbuch, C., Nishioka, M., Ishikawa, A. & Arakawa, Y. Observation of the coupled 
exciton-photon mode splitting in a semiconductor quantum microcavity. Phys. Rev. Lett. 
69, 3314–3317 (1992). 
24. Goldberg, D. et al. Exciton-lattice polaritons in multiple-quantum-well-based photonic 
crystals. Nat. Photonics 3, 662–666 (2009). 
25. Bhattacharya, P., Xiao, B., Das, A., Bhowmick, S. & Heo, J. Solid State Electrically 
Injected Exciton-Polariton Laser. Phys. Rev. Lett. 110, 206403 (2013). 
26. Schneider, C. et al. An electrically pumped polariton laser. Nature 497, 348–52 (2013). 
27. Kéna-Cohen, S. & Forrest, S. R. Room-temperature polariton lasing in an organic single-
crystal microcavity. Nat. Photonics 4, 371–375 (2010). 
28. Faure, S., Guillet, T., Lefebvre, P., Bretagnon, T. & Gil, B. Comparison of strong 
coupling regimes in bulk GaAs, GaN, and ZnO semiconductor microcavities. Phys. Rev. B 
78, 235323 (2008). 
29. Das, A. et al. Room Temperature Ultralow Threshold GaN Nanowire Polariton Laser. 
Phys. Rev. Lett. 107, 66405 (2011). 
19 
 
30. Lai, Y.-Y., Lan, Y.-P. & Lu, T.-C. Strong light–matter interaction in ZnO microcavities. 
Nat. Light Sci. Appl. 2, e76 (2013). 
31. Christopoulos, S. et al. Room-Temperature Polariton Lasing in Semiconductor 
Microcavities. Phys. Rev. Lett. 98, 126405 (2007). 
32. Eda, G. et al. Photoluminescence from chemically exfoliated MoS2. Nano Lett. 11, 5111–
6 (2011). 
33. Lee, Y.-H. et al. Synthesis of large-area MoS2 atomic layers with chemical vapor 
deposition. Adv. Mater. 24, 2320–5 (2012). 
34. Lee, Y.-H. et al. Synthesis and transfer of single-layer transition metal disulfides on 
diverse surfaces. Nano Lett. 13, 1852–7 (2013). 
35. Deng, H. & Yamamoto, Y. Exciton-polariton Bose-Einstein condensation. Rev. Mod. Phys. 
82, 1489–1537 (2010). 
36. Menon, V. M., Deych, L. I. & Lisyansky, A. A. Nonlinear optics: Towards polaritonic 
logic circuits. Nat. Photonics 4, 345–346 (2010). 
37. Amo, A. et al. Exciton–polariton spin switches. Nat. Photonics 4, 361–366 (2010). 
38. Savona, V., Andreani, L. C., Schwendimann, P. & Quattropani, A. Quantum well excitons 
in semiconductor microcavities: Unified treatment of weak and strong coupling regimes. 
Solid State Commun. 93, 733–739 (1995).  
 
 
 
 
 
 
 
 
 
 
20 
 
Supplementary Material for: 
Xiaoze Liu1, Tal Galfsky1, Zheng Sun1, Fengnian Xia2, Erh-chen Lin3, Yi-Hsien Lee3, 
Stéphane Kéna-Cohen4 and Vinod M. Menon1† 
1Department of Physics, Graduate Center and Queens College, City University of New York, 
New York, New York, USA 
2Department of Electrical Engineering, Yale University, New Haven, Connecticut, USA 
3Department of Materials Science and Engineering, National Tsing Hua University, Hsinchu, 
Taiwan 
4Department of Engineering Physics, École Polytechnique de Montréal, Montréal, Quebec, 
Canada 
 
 
 
 
 
Figure S1: Photoluminescence (PL) and differential reflectivity spectra of the MoS2 
monolayer.  
Figure S2: Reflectivity spectrum at normal angle of the MoS2 microcavity at various spots. 
Figure S3: Simulated color map of angle-resolved PL for the MoS2 microcavity 
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Figure S1. Photoluminescence (PL) and differential reflectivity spectra of the MoS2 
monolayer. The differential reflectivity spectrum of monolayer MoS2 clearly shows two 
prominent absorption peaks at 1.872 eV and 2.006 eV, identified as A and B excitons, 
respectively7. The PL spectrum shows only one dominant peak at 1.872 eV resulting from the 
direct bandgap transition of exciton A (exA)7. These features of absorption and PL differentiates 
monolayer MoS2 to bulk MoS2 due to the transition of indirect bandgap to direct bandgap when 
it comes from bulk to monolayer4,7. 
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Figure S2. Simulated angle-resolved reflectivity spectrum and energy dispersion of the 
microcavity. Calculated reflectivity contour map for the MC, color gradient represents the 
reflectivity. Energy versus angle dispersion, extracted from the angle-resolved reflectivity 
spectra, overlays with contour map. The black spheres with error bars are the energy modes from 
the reflectivity spectra, the horizontal blue dashed line represents the exA energy, the blue dashed 
curve represents the cavity modes and the two blue solid curves correspond to theoretical fit of 
the polariton branches via a coupled-oscillator model. The simulation shows good agreements 
with the measured data. 
Given that we only observed coupling to exA only, the dielectric function of monolayer MoS2 is 
modeled by a Lorentzian oscillator: 
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Where  is the exA energy (1.87eV from the differential reflectivition spectrum in 
Figure S1), exΓℏ  is the linewidth of the exciton transition (60 meV from the PL spectrum), bε  is 
the background dielectric function, and f  is the oscillator strength. bε  and f  are adjustable 
parameters. With these assumptions, the predicted absorption coefficient α  (at 1.87 eV) is 
 
106  
cm-1, which is consistent with reported data7.  
Refractive index of monolayer are derived from this model and applied to the transfer 
matrix method with a thickness of 0.75 nm4,33 to simulate the MC angle-resolved reflectivity 
color map as in Figure 3(a).  
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Figure S3. Color map of angle-resolved PL for the MoS2 microcavity. Simulated color map 
for a horizontally aligned dipole emission from the MoS2 microcavity showing modified 
emission dispersion as seen in the experiment. The black circles with error bars highlight the 
extracted experimental PL peak positions. For reference, the horizontal dashed line represents the 
exA energy, the dashed curve represents the cavity modes and the two solid curves correspond to 
theoretical fit of the polariton modes. As expected, the PL intensity increases with the collection 
angle. Inset shows the emission pattern from the same horizontal dipole in the absence of the 
cavity where the MoS2 is sandwiched between two SiO2 layers. 
The simulation is carried out using COMSOL for the microcavity structure with 0.75nm 
MoS2 monolayer, which is in very good agreements with the experimental data. Interestingly, as 
in the inset, the monolayer MoS2 PL, the intensity maximizes at zero in-plane wavenumber for 
TM polarization, due to the highly anisotropic orientation of the dipoles20. However, when 
placed in the MC, the PL peak intensity shows an antenna-like emission pattern, where it starts 
with a weak intensity at zero in-plane wavenumber, and maximizes at some intermediate in-
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plane wavenumber corresponding to an emission angle of ~30°. This is caused by the interaction 
between the in-plane component of the cavity photons and MoS2 excitons, implying an efficient 
way to control the 2D exciton emissions via microcavity-exciton interaction. 
